Abstract Peripheral myelin protein-22 (PMP22) is primarily expressed in the compact myelin of the peripheral nervous system. Levels of PMP22 have to be tightly regulated since alterations of PMP22 levels by mutations of the PMP22 gene are responsible for >50 % of all patients with inherited peripheral neuropathies, including CharcotMarie-Tooth type-1A (CMT1A) with trisomy of PMP22, hereditary neuropathy with liability to pressure palsies (HNPP) with heterozygous deletion of PMP22, and CMT1E with point mutations of PMP22. While overexpression and point-mutations of the PMP22 gene may produce gain-offunction phenotypes, deletion of PMP22 results in a loss-offunction phenotype that reveals the normal physiological functions of the PMP22 protein. In this article, we will review the basic genetics, biochemistry and molecular structure of PMP22, followed by discussion of the current understanding of pathogenic mechanisms involving in the inherited neuropathies with mutations in PMP22 gene.
Nerve fibers increase their speed of action potential propagation by wrapping axons with Schwann cell membranes (myelin) in sequential segments. These segments are separated by punctuate gaps where axons are denuded of myelin, called nodes of Ranvier. This configuration permits action potentials to be conducted in an efficient saltatory fashion from one node to the next [1, 2] . To produce myelin, Schwann cells have to be precisely regulated to extend their membranes, wrap around the axons, and form a multilamellar compacted membrane structure. This process is called myelination. Myelination is not only a crucial event during development, but is also required for diseased nerves to repair demyelinated axons through remyelination [1] .
Once myelin is formed, its architecture is highly compartmentalized. A myelinated nerve fiber is composed of four discrete compartments [3, 4] , the node of Ranvier, the paranode, the juxtaparanode, and the internode. Each of these compartments contains a unique, non-overlapping set of protein constituents. For instance, at the node of Ranvier, voltage-gated sodium channels are highly concentrated. The paranodal region, comprised of loops of Schwann cell membrane and interacting axonal membrane adjacent to the node of Ranvier, contains myelin associated glycoprotein (MAG) and Connexin 32 (Cx32) which are both Schwann cell proteins, as well as the axolemmal proteins Caspr. These proteins participate in Schwann cell-axon interaction and electrically isolate the nodal region. The juxtaparanodal region, the portion of the myelin and the interacting axolemma adjacent to the paranode, contains voltage-gated potassium channels (Kv1.1 and 1.2) on the axolemma. The internodes, the nerve segments flanked by two nodes of Ranvier, contain the compact myelin proteins, myelin protein zero (MPZ), peripheral myelin protein-22 (PMP22), and myelin basic protein (MBP), which participate in forming the myelin sheath and in reducing capacitance of the internode. The molecular architecture of myelinated nerve fibers appears important for the functional integrity of peripheral nerves and is often disrupted in many peripheral nerve diseases.
PMP22, as an integral membrane glycoprotein of the internodal myelin, comprises an estimated 2-5 % of the total myelin proteins in the peripheral nervous system [5, 6] . Its functional importance is highlighted by the fact that mutations in the PMP22 gene are the most common causes for inherited peripheral nerve disorders, also called CharcotMarie-Tooth diseases (CMT). CMT carries a prevalence of one in 2,500 people [7] and mutations of PMP22 are responsible for >50 % cases of CMT. These PMP22 related diseases disrupt the organization of myelin, and subsequently axonal integrity, which is responsible for the disabilities in patients with PMP22 mutations. In this article, we review the genetics, structure and basic functions of the PMP22 gene, its encoded protein, and the pathogenic mechanisms of CMT caused by mutations in PMP22.
Architecture of the PMP22 Gene PMP22 was first isolated from mouse NIH3T3 fibroblasts as one of the growth arrest specific genes, gas3 [8] . Serum-starved NIH3T3 cells up-regulate gas3 [9] . Subsequently, SR13, a transcript isolated from rat nerve, was found to be strongly down-regulated in the acute phase after the sciatic nerve injury. The SR13 has a sequence highly homologous to and is likely from the same gene as gas3 [6] . Gas3/SR13 (also known as PASII) was then localized to the compact myelin of the peripheral nerves with a molecular weight of 22 kDa. Thus, the protein was renamed as PMP22 [5, 10] .
In human genome, PMP22 is located within the chromosome 17p11.2. PMP22 is a 40-kb gene that consists of six exons conserved in both humans and rodents (Fig. 1a) . Two alternatively transcribed exons (1a and 1b) comprise the first exon of the gene and give rise to two different transcripts [11] . The two transcripts are identical in their coding sequence but differ in their 5′ untranslated region, suggesting that there are two different promoters (P1 and P2) which regulate the expression of each transcript. Indeed, two different PMP22 transcripts, exon-1a (also called CD25 or 1a-PMP22) and exon-1b (SR13 or 1b-PMP22), have been isolated in rats [6, 12] . Analogous transcripts have also been found in humans and mice [13] . The coding region of the PMP22 spans from exon-2 to exon-5. Exon-2 encodes the first transmembrane domain of PMP22. Exon-3 encodes the first extracellular loop. Exon-4 encodes the second transmembrane domain and half of the third transmembrane domain. Exon-5 encodes the remaining half of the third transmembrane domain, the second extracellular domain, the fourth transmembrane domain, and the 3′ untranslated region [11, 14, 15] .
Localization of PMP22 Expression
Detailed localizations of the PMP22 transcript and protein are listed in Table 1 . Transcripts of PMP22 express diffusely at embryonic stages, including the nervous system. They remain detectable at low levels in some adult non-neuronal tissues. Likewise, expression is seen at a relatively low level in the central nervous system, including cortex, brain stem and spinal cord. Motor nuclei of cranial nerves and spinal motor neurons have higher levels than other regions of the central nervous system. However, transcripts of PMP22 are consistently shown to be most abundant in the myelinating Schwann cells of peripheral nerves [5, [16] [17] [18] .
The time-course of PMP22 transcription in motor neurons of the central nervous system shows a rostral-caudal pattern with cranial nuclei expressing first embryonically and spinal motor neurons expressing after birth [18, 22] . In contrast, sensory neurons in cranial nuclei express transcripts of PMP22 at embryonic stages, but the transcripts become undetectable in young adults. The alternative PMP22 transcripts differ in their distribution of tissues. Exon-1b transcripts have been seen in the brainstem, spinal cord, skeletal muscle, heart, and sciatic nerve, whereas exon-1a transcripts have been found predominantly in the sciatic nerve [18, 22, 23] .
Transcription in dorsal root ganglia (DRG) is abundant during embryonic stages, but undetectable in adult DRG neurons [18, 22] . In contrast, another study has shown PMP22 transcripts in adult DRG satellite cells, but no expression in DRG neurons. This data is difficult to interpret, however, since this study observed PMP22 proteins in both DRG satellite cells and neurons [20] . Taken together, DRG cells appear to have a robust expression of PMP22 during embryonic stages, but this expression declines dramatically in adulthood. This is in contrast to the delayed and persistently detectable PMP22 in spinal motor neurons that does not begin until post-natal days 1-2, but once initiated, continues to maintain expression at appreciable levels into adulthood.
In general, PMP22 proteins are localized to similar regions of PMP22 mRNA expression. While high levels of PMP22 proteins can be seen in peripheral myelinated nerve fibers, the PMP22 protein levels in the central nervous system are much lower and are more difficult to be detected by immunohistochemistry. Depending on the quality of PMP22 antibodies, some studies have failed to detect PMP22 in the central nervous system, while others have found a low level of expression ( Table 1) .
The Protein Structure of PMP22
The first amino acid sequence based prediction of the PMP22 protein structure showed three putative transmembrane (TM) domains with the existence of one Nglycosylation site [9] . In this model, both the C terminus and the N-glycosylation site are intracellular while the N terminus is fully embedded in the bilayer. Since this initial proposal, structural predictions of PMP22 have been changed to include a fourth transmembrane region [11] . However, alternative structural models of PMP22 have been proposed which suggest that TM2 and TM3 of previous tetraspan models are instead located outside the lipid bilayer, with only two transmembrane domains (TM1 and TM4 of previous tetraspan models) [33] . Unlike variable versions in the structural predictions of PMP22 transmembrane domains, the presence of an N-linked glycosylation site at Asn 41 has been confirmed several times [5, 6, 9, 12, 19, 34] . Using antibodies against different segments of PMP22, PMP22 transmembrane orientation was first examined experimentally by D'Urso et al. [27] to have an intracellular localization of its N and C termini in addition to two extracellular (ECL) loops, ECL1 and ECL2. ECL1 was suggested to mediate a homophilic trans-interaction between two PMP22 proteins, while ECL2 was shown to mediate a heterophilic trans-interaction between PMP22 and MPZ [36] . In Fig. 1b , a current model of PMP22 structure is depicted and possesses four transmembrane domains with two extracellular domains and one intracellular domain.
One of great challenges in studying PMP22 structure has been the difficulties in purifying a large quantity of PMP22. Early studies utilized bovine peripheral nerves to attempt to increase the abundance of purified PMP22 but the procedure was laborious and did not yield PMP22 in sufficient concentration and purity necessary for structural analyses [10, [37] [38] [39] . Recently, an alternative approach utilizing an engineered Escherichia coli plasmid with a lambda repressor residue yielded PMP22 in sufficient concentration and purity for NMR analyses [40, 41] . This technical advance, in combination with artificial lipid bilayer membrane, has allowed several important observations in the past several years. In the PMP22 extracellular loops, seven potential metal ion-coordinating sites have been identified that may be responsible for the Zn(II) binding ability of PMP22 [42] . Circular dichroism (CD) analyses show transmembrane domain-1 (amino acids 1-30) as a long α-helix, ECL1 (amino acids 31-57) as a largely unstructured loop, transmembrane domains 2-4 as a molten globular helical bundle, and ECL2 as a short loop between TM3 and TM4 [40] [41] [42] .
While significant progress has been made in characterizing the structure of PMP22, details of the exact structure remain elusive. Although higher yields of PMP22 have been achieved by expressing PMP22 in E. coli, the purified PMP22 has to be integrated into lipid bilayer membrane. This environment may be critical for PMP22 to regain its proper folding close to its native structure [40, 41] . Further improvement needs to be made to optimize the environment through techniques such as artificial lipid bilayer membrane.
Transcriptional Regulation of the PMP22 Gene
A TATA-box-like DNA element has been found in the P1 and P2 promoters of PMP22 with a high GC island. There [62] .
Interestingly, when examined in a different culture system, EGR2 and Sox10 synergistically activated expression of all myelin protein genes but PMP22 [63] [64] [65] [66] . Moreover, activation DNA elements for EGR2 and Sox10 are highly conserved in these myelin protein genes, and have been identified through genomic database screening. However, these DNA elements are not found in the traditional promoter region of PMP22 [67] . This data argues against a direct regulatory effect of PMP22 by Egr2 or Sox10. This intriguing issue appears explainable now by recently identified novel distal and intronic enhancers of PMP22 transcription in Schwann cells. Three of these enhancers are distally located upstream from the PMP22 translation start site (at −120, −115, −91 kb) [68] . Additionally, an enhancer was found in the largest intronic region of PMP22 (at +11 kb) [69] . Through these enhancers, EGR2 and Sox10 act synergistically to promote the maximum level of PMP22 expression [68, 69] . Interestingly, several families with a mild CMT1A phenotype were recently identified who did not possess duplication of the classical trisomy of chromosome 17p12, but instead possessed a duplication of the region upstream of PMP22 that contained the newly discovered PMP22 enhancers [70, 71] . These clinical findings support the relevance of the new enhancers in the regulation of the PMP22.
In addition, EGR2 directly activates promoters of multiple sterol regulatory element binding protein (SREBP) genes to affect cholesterol/lipid biosynthesis, which would in turn affect myelin gene expression [72] . In addition, the Shh (Sonic hedgehog) protein has been shown to activate PMP22 transcription [73] . However, it still remains to be determined whether this activation is direct or indirect.
PMP22 Synthesis and Transport
During axonal contact, myelinating Schwann cells significantly up-regulate the expression of PMP22 [5, 74, 75] . However, levels of PMP22 must be adjusted within a narrow range since reduction or increase of PMP22 expression can cause inherited neuropathies. Like other membrane proteins, newly synthesized PMP22 is transiently retained in the endoplasmic reticulum (ER) and Golgi compartments for post-translational modification, such as glycosylation. This has been demonstrated in cultured Schwann cells, in which PMP22 was first synthesized as an 18 kDa precursor protein and then post-translationally modified by N-linked glycosylation before reaching the plasma membrane [34, 76] . This trafficking process can be recapitulated in other culture cells that are transfected with plasmids encoding PMP22 [35] . When expressed with different tags, wildtype PMP22 is still trafficked efficiently to the plasma membrane both in vivo and in vitro. These tags include myc-tagged mouse Pmp22 in NRK cells [77] or COS7 cells [77, 78] , EGFP-tagged PMP22 in HeLa or 293 cells [79] , VSV-tagged PMP22 in cultured Schwann cells [80] and rat myelinating Schwann cells in vivo [81] . However, in a gel filtration study in COS7 cells, GFP-tagged mouse PMP22 displayed a higher potential for intracellular aggregation than untagged PMP22 or myc-tagged PMP22 [77] , suggesting interferences from the tag. A majority of newly synthesized PMP22 is located in ER and is sensitive to Endo-H (an enzyme that cleaves off high mannose-containing noncomplex carbohydrates), confirming glycosylation of the protein as a marker of post-translational modification. Interestingly, a rapid turnover rate of the PMP22 (with a half-life of 30 to 60 min) has been noted in these cells [34] . A large portion of newly synthesized PMP22 is degraded (~70% in rat Schwann cells and co-cultures of rat Schwann cells and neurons). Thus, only a small portion of newly synthesized PMP22 is transported to the cell surface, consisting of 78 % of all Endo-H insensitive PMP22 [82] . This indicates that complex glycosylation of the PMP22 protein likely prevents it from degradation and permits transport to the cell surface.
Functions of PMP22 in Cell Proliferation, Differentiation, and Death A robust increase of PMP22 during starvation implies that PMP22 may play a role in cell survival and/or proliferation [8] . This subject has been under intense investigation (Table 2 ). In vitro, overexpression of PMP22 has been consistently shown to reduce proliferation in Schwann cells or fibroblast cultures. In vivo, however, the overexpression of PMP22 increases Schwann cell proliferation in young adult transgenic mice, but decreases the proliferation of Schwann cells in aged human subjects with CMT1A (Table 2) . Conversely, the deficiency of PMP22 produces opposite effects on Schwann cell proliferation both in vitro and in vivo. PMP22 deficiency can increase proliferation of Schwann cells and fibroblast cultures in vitro, and decrease Schwann cell proliferation at certain stage of development in mice. Finally, PMP22 possessing a point mutation, such as TrJ, suppresses Schwann cell proliferation in vitro, but induces an increase of Schwann cell proliferation in vivo ( Table 2 ). This in vivo effect could also be secondary to extensive segmental demyelination or axonal loss in the mutant peripheral nerves since Schwann cells usually proliferate to remyelinate the demyelinated or regenerating axons as a natural repairing process.
All types of PMP22 mutations, including duplication, deletion, and point mutation, result in increased apoptosis of cultured Schwann cells, fibroblasts, and myelinating Schwann cells of mice and humans with CMT1A (Table 2) . However, the apoptosis is only evident in aged Schwann cells in vivo and tends to be milder in PMP22 deficient cells when compared with Schwann cells with PMP22 overexpression or toxic-gain-of-function point mutations. Though the mechanisms responsible for this cell death are still elusive, several recent studies appear relevant to this issue. Perp has been identified as a mediator of p53-dependent apoptosis in fibroblasts, thymocytes, and neurons [106] [107] [108] . Interestingly, Perp shows sequence similarity to PMP22 [106] . Moreover, p53-dependent apoptosis, including neuronal cell death, is found to be mediated by another signaling protein, Siva, which directly interacts with PMP22 [109, 110] . Additional research is needed to clarify the role of these signaling pathways in Schwann cell apoptosis in vivo.
These data raise the question of whether PMP22 plays a role in neuronal cell death. Although its effects on Schwann cells have been extensively studied, the effect of PMP22 on neuronal cell death has been minimally explored. This is probably due to the higher level of PMP22 expression in myelinating Schwann cells, which has been the main focus of studies. However, PMP22 is expressed in spinal motor neurons at a lower level during development and adulthood (Table 1) . It is also expressed highly in sensory neurons of DRG during development, but hardly detectable in adulthood. A recent study has shown that overexpression of PMP22 increases spinal motor neuron loss in mice, but PMP22 deficiency did not alter the number of young spinal motor neurons [111] . Whether over-or under-expression of PMP22 affects survival of sensory neurons or aged motor neurons is unknown, and has not been examined in Pmp22 knockout or transgenic rodents.
Patients with homozygous mutations of PMP22 are rare. Four cases in total have been reported [112] [113] [114] [115] . Three of the four cases are compound heterozygotes with mutations that produce deletion of PMP22 in one allele and a different mutation (two point mutations and one with deletion of exons 3 and 4) in the second allele. These three patients presented with severe sensory and motor deficits localized to the peripheral nervous system. However, without autopsy, it is unclear whether there was neuronal cell-body loss in the spinal cord or DRG of these cases. It is also unclear whether these deficits resulted purely from the loss of function of PMP22 or from the toxic gain-of-function effect of mutant PMP22 proteins. We have recently reported a fourth case with deletion of both PMP22 alleles that results in a true loss of function of PMP22 [115] . The affected proband presents a non-length dependent atrophy and weakness in the cranial nerve innervated muscles and a profound trunk sensory ataxia, suggesting neuronal loss in both sensory ganglia and cranial motor nuclei.
Four total cases of homozygous mutations are less than expected considering that CMT1A with heterozygous duplication of PMP22 has a prevalence of 1:5,000. Deletion of PMP22 as a reciprocal mutation would be expected to be more common than just four cases. A potential explanation for this incongruity is that null function of PMP22 produces embryonic lethality. This is consistent with the observation that homozygous Pmp22−/− knockout mice are difficult to Nerve from heterozygous pmp22 transgenic mice (Schwann cells)
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The literature on the effect of cell differentiation by PMP22 is sparse. Motor nerves from Pmp22−/− mice (pectineus at P4 and femoral at P24) showed excessive immature Schwann cells that established one to one relationship with axons but failed to form myelin [105] . Internodal length is also shortened in Schwann cell/neuron co-culture that was deficient of PMP22 [116] . These observations support the theory that PMP22 plays a role in the initiation of myelination. Whether this is a direct or indirect effect remains to be determined, however. In contrast, heterozygous deletion of Pmp22 does not affect the initiation of myelination since compact myelin is well formed in pmp22+/− nerves [105, 117] .
Another related issue is the involvement of PMP22 in cellular junctions and interactions with the extracellular matrix. PMP22 shares >20 % of amino acid homology with claudin-1 and has been considered as one of members of claudin family. PMP22 co-localizes with tight junction proteins, such as zonula occludens-1 and claudins, in epithelial cells [17, 28] . However, it is unclear whether PMP22 interacts with these junction proteins. In addition, PMP22 has been found to complex with α6β4 integrin that is present in Schwann cell basal lamina, which may mediate the interaction of PMP22 with the extracellular matrix [118] . It is unknown whether these molecular interactions affect Schwann cell proliferation or differentiation.
Mutations in the PMP22 Gene and Their Related Diseases
Dyck and Lambert classified autosomal dominant inherited neuropathies into demyelinating (hereditary motor sensory neuropathy type-1 [HMSN-1], now named as CMT1) and axonal (HMSN-2 or CMT2) groups using electrophysiological and pathological criteria [119] . Nerve conduction velocities are significantly slowed in CMT1; whereas the conduction velocities in CMT2 are usually normal or minimally slowed, but amplitudes of motor and sensory responses are diminished. Pathologically, CMT1 shows prominent onion bulbs that represent excessive Schwann cell membrane processes around a myelinated nerve fiber that fail to form compact myelin. In contrast, axonal loss is the main feature of CMT2. There are now over 53 loci and 36 specific genes linked to different types of CMT. In addition to CMT types 1 and 2, patients with X-linked neuropathies are classified as CMTX. CMT4 refers to the inherited neuropathies with recessive inheritance. Finally, there is a small group of patients with CMT who do not fit well into CMT1 or CMT2 with conduction velocities ranging from 25 to 45 m/s. They are often classified as the dominant intermediate form of CMT. Each of this class has been further subdivided based on differences in genetic abnormalities [120] [121] [122] .
While CMT has a high prevalence of 1:2,500 [7] , over 50 % of all CMT cases are caused by mutations in PMP22 gene, including heterozygous duplication (CMT1A), deletion (HNPP) and point mutations (CMT1E). Interestingly, these mutations produce distinct phenotypes that have revealed important biological functions of PMP22. In the following sections, we will discuss each of these three diseases.
CMT1A
CMT1A is an autosomal dominant disorder caused by heterozygous duplication of the chromosome 17p11.2-12, a DNA segment containing the PMP22 gene plus more than nine additional genes [123] [124] [125] . There is strong evidence to suggest that the PMP22 duplication is responsible for the disease, not the other genes. First, point mutations of the PMP22 gene are sufficient to cause peripheral neuropathy [124] . Increasing copies of PMP22 to overexpress the protein in rodents have produced pathological phenotypes resembling those of human subjects with CMT1A [100, 126, 127] . Finally, heterozygous truncation mutation inactivating one of the two PMP22 copies also results in peripheral nerve disease [128, 129] .
Clinical Phenotype
Most CMT1A patients become symptomatic during the first two decades of their lives. They often have histories of being slow runners, being poor at sports during childhood, developing foot deformities (high arches and hammer toes) in their teenage years, and requiring orthotics for ankle support as adults. They typically have variable degrees of hand weakness that lags behind the development of foot weakness. Sensory deficits occur in both large (vibration and proprioception) and small (pain and temperature) modalities. While the combination of weak ankles and decreased proprioception often leads to problems with balance, the vast majority of patients remain ambulatory throughout their lifespans, which are not shortened by the disease. Almost all patients with CMT1A have absent deep tendon reflexes [130, 131] . Additional features, including postural tremor (referred to as Roussy-Levy syndrome) and muscle cramps, may also occur. While this phenotype is typical for CMT1A patients, it can be variable. Some patients develop a severe phenotype in infancy, while others have only minimal disability throughout their lives.
Nerve Electrophysiology and Pathology in CMT1A
Patients with CMT1A usually have slowed conduction velocities that can range from 7 to 40 m/s. However, in a given individual with CMT1A, the reduced conduction velocity varies minimally between different nerves in the same limb and between the corresponding nerves of different limbs. This feature is impressively stereotypic among patients with CMT1A and is in sharp contrast to the electrophysiological features in acquired demyelinating neuropathies. The former has been called the pattern of "uniform slowing" [132, 133] . The later usually shows non-uniform or asymmetric changes. The conduction velocity in one nerve may be severely reduced and normal or minimally slowed in the other nerve. The non-uniform slowing is often associated with temporal dispersion of compound muscle action potentials and conduction block, which are typically not present in CMT1A. In addition, all patients with CMT1A inevitably have reduced amplitudes of motor and sensory responses. They reflect axonal loss secondary to abnormal myelination and have been shown to correlate better than conduction velocities with neurological disabilities in CMT1A patients [130, 131, 134] . Pathological changes in CMT1A nerves largely explain the findings derived from electrophysiological studies. Sural nerve biopsies from patients with CMT1A show extensive onion bulb formations that affect almost every myelinated nerve fiber (Fig. 2a) . The onion bulbs are formed by multiple Schwann cells that extend their membrane processes around axons but fail to form compact myelin [135, 136] . It has been suggested that onion bulbs are the result of repetitive demyelination and remyelination [93, 130, 137] , which would be expected to cause temporal dispersion and conduction block in addition to slowed conduction velocities. Yet, none of these features has been observed in CMT1A. Thus, this hypothesis may need to be revisited. In addition, there is conspicuous axonal loss in myelinated nerve fibers. Spaces between surviving myelinated nerve fibers are occupied by a large amount of collagen filaments that are presumably derived from fibroblasts. This axonal loss is consistent with severely reduced amplitudes of motor and sensory responses in patients with CMT1A.
Genetics in CMT1A
A typical CMT1A mutation is autosomal dominant and caused by heterozygous duplication of chromosome 17p11.2 with a DNA length of 1.4 MB containing about ten genes, including the PMP22 [125, 133, 138] . As aforementioned, there is strong evidence suggesting that the duplication of PMP22 is responsible for the disease. This DNA segment of chromosome 17p11.2 is flanked by two >17 kb low copy number repetitive elements (REP) [139] . There is a 1.7 kb highly conserved recombination hotspot within the REP that is nearby a mariner transposon-like element (MITE). These DNA elements are postulated to mediate an unequal crossing-over during homologous recombination of meiosis between misaligned CMT1A-REP homologues, which results in a heterozygous duplication of chromosome 17p11.2. A reciprocal deletion of chromosome 17p11.2 would cause HNPP [140] .
With the advent of new genetic tools, such as array comparative genomic hybridization (aCHG), the DNA length of CMT1A duplication has been directly examined. Interestingly, the duplicated regions do not always contain the full length of 1.4 MB. In a subset of patients with CMT1A, variable lengths of DNA within chromosome 17p11.2 have been found by aCHG to be duplicated, but always contain the PMP22. These segments may not always associate with REP elements [71, 141] . These findings also demand alternative explanations for these shortened DNA segments that are duplicated, instead of the traditional theory of the unequal crossing over.
Pathogenesis of CMT1A
Uniform slowing and axonal loss are two prominent and inevitable features of CMT1A. The later is closely correlated with disabilities in patients with CMT1A [130, 134] . Thus, our discussion on pathogenesis will primarily focus on these two aspects.
The uniformity of CMT1A nerve conduction denotes that the slowing of nerve conduction velocities in an individual with CMT1A show minimal variations from one nerve to another and it affects nerves symmetrically between the left and right limbs [132, 142] . In contrast, acquired demyelinating neuropathies, such as Guillain-Barre syndrome (GBS) and chronic demyelinating inflammatory polyradiculoneuropathy (CIDP), are often asymmetric and non-uniform, both in their clinical presentation and in their nerve conductions [132] . In general, the most common cause for the slowed conduction velocities in neuropathies is segmental demyelination. The physiological basis for reduced conduction in acquired demyelination models has been investigated by longitudinal current analysis [143] [144] [145] [146] [147] . In normal nerve fibers, this technique demonstrates a prominent inward current at the nodes of Ranvier, whereas outward current in the internode ensheathed by compact myelin is minimal. When compact myelin is stripped away during demyelination, for example by lysophosphatidyl choline, the outward current becomes excessive in the internode and shunts away the depolarizing current to reduce the action potential propagation. When the shunting current becomes sufficiently severe, conduction fails, which is called conduction block. When the whole nerve bundle is recorded, the conduction of compound nerve action potentials propagates slowly in a nonuniform format with temporal dispersion and conduction block. None of these key features is seen in CMT1A [132] . Therefore, the mechanisms derived from acquired demyelination cannot be extrapolated to explain nerve conduction changes in CMT1A.
Shortened internodes have been predicted to reduce conduction velocity in computer simulations [148] . These predictions are further substantiated using periaxin knockout mice [149] . To address this issue in CMT1A, we have performed biopsies of human glabrous skin from patients with CMT1A. Due to the invasive nature of sural nerve biopsies, internodal length has not been systematically evaluated in patients with CMT1A. With the skin biopsy technique that we and others have developed, this issue can now be investigated in a systematic and minimally invasive manner. Internodes were identified by the staining of MBP. Their length was measured by confocal imaging. The mean internodal length in patients with CMT1A was 73.9 ± 27.0 μm, which was significantly shorter than that of healthy controls (94.5±28.6 μm). There was also a significant difference between CMT1A and CMT2 (73.9±27.0 vs. 92.0±29.1 μm; p<0.0001), suggesting that shortened internodal length is an intrinsic feature of CMT1A, but is not secondary to axonal loss. Interestingly, we identified no segmental demyelination in any of 117 internodes from patients with CMT1A. Segmental demyelination was found in all samples from patients with CIDP [150] . Taken together, the lack of active segmental demyelination combined with the uniformly shortened internodes questions a developmental defect of internodal lengthening in CMT1A patients, an important hypothesis to be tested in the future. This mechanism does not exclude segmental demyelination that may take place preferentially in large myelinated nerve fibers and spare the small ones like dermal myelinated nerve fibers. Remyelination in demyelinated nerve fibers should result in shorter internodes as well, but is expected to cause variable internodal length (non-uniform).
Overexpression of PMP22 may affect Schwann cells in other aspects. First, overexpression of PMP22 causes apoptosis in several types of cells, including Schwann cells ( Table 2 ). However, this mechanism is unlikely to play a major role in dysmyelination of CMT1A. The apoptosis is only evident in aged Schwann cells with PMP22 overexpression in vivo, but dysmyelination is present even during the early development. Second, overexpressed PMP22 may overwhelm the protein degradation system, leading to formation of protein aggregates [26, 102, [151] [152] [153] . It may activate ERAD and/or autolysosomal systems in mutant Schwann cells [152] . These findings are usually derived from mice with a super number of pmp22 transgenes (seven copies) or with missense mutations of Trembler or Trembler-J [151] [152] [153] [154] , while patients with CMT1A only harbor three copies of wild-type PMP22. Indeed, sural biopsies from many patients with CMT1A showed no aggregates while aggregates were readily detectable in patients with Trembler or Trembler-J mutations [155] . Furthermore, experiments using microarray have shown distinct mechanisms between gain-of-function point mutation mice (Trembler or Trembler-J) and mice with PMP22 overexpression. The former shows transcriptional changes in stress response, and the latter demonstrates alterations in Schwann cell proliferation [156, 157] . Together, these data suggest that caution should be taken when interpreting findings from animal models with overexpression of wild-type PMP22 versus animals with point mutations of PMP22. In addition, it is still unclear whether these mechanisms of abnormal protein aggregates directly relate to segmental de-/dysmyelination or internodal lengthening during development.
Interestingly, a recent investigation demonstrates that overexpressed PMP22 may augment expression of P2X7, a purinoceptor [158] , leading to influx of extracellular Ca 2+ into Schwann cells. Application of a P2X7 inhibitor restores dysmyelination in Schwann cell/neuronal co-culture with PMP22 overexpression. Thus, these data provide a pathogenic link between altered Ca 2+ concentration and abnormal myelination in CMT1A.
Dysregulation of genes involved in cholesterol biosynthesis may also play a role in CMT1A pathogenesis. Expression profiling of transgenic mice with increased pmp22 copy number revealed a strongly reduced expression of major genes involved in cholesterol metabolism, such as HMG-CoA synthase, HMG-CoA reductase, cytochrome P450, sterol-C4-methyl oxidase-like, and sterol-C5-desaturase [156] . A subsequent cDNA microarray study also found similar reductions in expression of cholesterol biosynthesis genes in transgenic rats with pmp22 overexpression [157] . Reduction of cholesterol can have a profound effect on myelination, which would impair action potential propagation. Not only does cholesterol affect membrane dynamics by integrating into myelin membranes, it is also known to regulate the trafficking of major myelin proteins (P0) from the Schwann cell endoplamic reticulum to myelin membrane. When this process is disturbed during cholesterol deficiency in Schwann cells, the compaction of peripheral myelin is lost and the stoichiometry of myelin membrane components is altered [159] . Additionally, inhibition of cholesterol biosynthesis with the squalene epoxidase inhibitor tellurium causes mature Schwann cells to undergo demyelination [160] . The pathology of CMT1A appears related to this mechanism, since dysmyelination is evident and associated with a profound down-regulation of cholesterol synthetic pathway in CMT1A peripheral nerves. It would be important to evaluate if trafficking of additional myelin membrane proteins are affected by cholesterol dysregulation in CMT1A.
While the studies above have attempted to explain de-/ dysmyelination in CMT1A, pathogenic mechanisms underlying axonal loss in this disease are largely unexplored. There have been a variety of cellular and molecular alterations that were observed and may have pathogenic implications in the axonal loss of CMT1A. For instance, mitochondria have been found to abnormally accumulate in distal axons of patients with CMT1A [150] . Dysregulated transcription levels of glutathione S-transferase theta-2 and cathepsin-A are well correlated with disabilities of patients with CMT1A [161] . Adhesion molecules at the interface of Schwann cells and axons are dysregulated in mouse and human nerves with PMP22 overexpression [162] . However, much work still has to be done to establish their causal roles, if any.
HNPP
In the vast majority of patients with HNPP, the causal mutation is a heterozygous deletion of chromosome 17p11.2, the same DNA segment duplicated in CMT1A [163] . However, in a small number of patients, the disease is caused by other types of mutations that result in heterozygous loss of function of the PMP22 gene [128, 164] . Please see Table 1 and Fig. 1 for a complete list of all mutations in PMP22 that are causal for HNPP. Thus, insufficiency of PMP22 alone produces a phenotype identical to that in patients with heterozygous deletion of chromosome 17p11.2 [129] . This finding substantiates that PMP22 is responsible for the disease and not other genes residing in chromosome 17p11.2. Moreover, it is the loss-of-function phenotype in the disease that reveals the normal physiological functions of PMP22.
Clinical Phenotype
HNPP is an autosomal dominant disorder that produces episodic, recurrent focal sensory motor neuropathy [165] [166] [167] . The common symptoms of focal numbness, muscular weakness and atrophy usually present during adolescence. These focal deficits are often evoked by mechanical stress in the peripheral nerves, such as compression, limb stretch or repetitive movement of the affected limbs [166] [167] [168] [169] [170] . Therefore, symptoms of HNPP frequently manifest at common sites of entrapment neuropathies such as peroneal nerve across the fibular head, median nerve across the wrist and ulnar nerve across the elbow. Strenuous physical activities can even result in limb paralysis with massive axonal damage, suggesting that axons can be affected if stress is sufficiently severe [171] . Occasionally, a brachial plexopathy may be the presenting symptom and affect an upper limb unilaterally [172] .
Physical examination usually only finds minimal abnormalities in young patients but significant sensory loss, weakness, and muscle atrophy in the hands and/or feet are often observed in the elderly.
Nerve Electrophysiology in HNPP
Electrophysiological findings in patients with HNPP are quite unique. Nerve conduction studies show accentuated slowing in motor distal latencies at the sites susceptible for mechanical pressure, such as median nerve at the wrist and peroneal nerve at the ankle. In addition, focal slowing of conduction velocities is almost always seen at sites subject of compression, such as ulnar nerve across the elbow and peroneal nerve across the fibular head. In contrast, conduction velocities in other nerve segments are usually normal or minimally slowed in a majority of cases [166, 170, [173] [174] [175] [176] . In our experience, 60-80 % of patients fulfilling these electrophysiological features have positive finding in their DNA testing for HNPP deletion. The remaining patients would be caused by other etiologies. These electrophysiological features also support a nerve susceptibility to mechanical stress.
Exceptions to the typical electrophysiological pattern aforementioned have been noticed. There are HNPP patients with conspicuously slowed conduction velocities not limited to entrapment or compression sites. In some patients with long-standing disease, nerve conduction study may show a generalized symmetric polyneuropathy.
Nerve Pathology in HNPP
The presence of tomacula or "sausage"-shaped structures in peripheral nerve myelin is the pathological hallmark of HNPP upon histopathological examination of sural nerve biopsies (Fig. 2b) . These structures consist of redundantly overfolded layers in the myelin sheath [177] . Mice with targeted deletion of pmp22 also display characteristic tomacula in myelinated Schwann cells [105, 118, 178] . Tomacula are not unique to PMP22 insufficiency, however, and have been found in other neuropathies and animal models, including anti-MAG neuropathy, CMT1B, chronic inflammatory demyelinating neuropathy, Tangier's disease, and several animal models of peripheral nerve disorders [179] [180] [181] [182] . However, prevalence of tomacula might be different among these diseases and characteristics of abnormal myelin folding in the tomacula may be different as well. For instance, myelin folding mainly appears longitudinally orientated along the axis of axons in CMT4B1/2 [183] while the folding is predominantly concentric around the axonal axis in HNPP [177] . Detailed morphological analysis is required to differentiate the differences of these tomacula. Finally, axons within the tomacula are often deformed, and appear constricted or flattened [178] .
Pathogenesis in HNPP
Although tomacula are a histologically significant finding in HNPP, the presence of these structures does not clearly explain the pathophysiological mechanism of HNPP-especially as they are diffusely present along nerves, but the clinical abnormalities in HNPP are multifocal. Animal models have provided key insights into how pmp22 deletions may result in the phenotype of HNPP. Homozygous deletion (pmp22−/−) mice develop a severe de/dysmyelinating neuropathy with very slow conduction velocities. While heterozygous deletion (pmp22+/−) mice are affected with minimal slowing of conduction velocities and possess little evidence of demyelination in teased nerve fibers, segmental myelination may develop in the late stage of mouse life. Like its human counterpart, peripheral nerves in pmp22+/− mice show numerous tomacula. It has thus been hypothesized that the transient focal deficits in HNPP are caused by reversible conduction block (CB) evoked by mechanical stress [132, 167, 170] . In compression susceptibility studies conducted in pmp22+/+ and pmp22+/− mice, it has been noticed that the average time to induce conduction block was significantly shorter in pmp22+/− mice. Moreover, recovery from nerve conduction block is also delayed in pmp22+/− mice. These findings suggest that there is a compromised security of action potential propagation on the HNPP nerves, which predispose HNPP nerves to develop conduction block upon mechanical challenge. This notion is also supported by the fact that compound muscle action potential (CMAP) can be reduced in the pmp22+/− nerves in the absence of significant axonal loss and segmental demyelination [178] .
Constrictions of axons within tomacula have been observed. This constriction may affect the security of action potential propagation since a reduction of axonal diameter is expected to increase the longitudinal electrical resistance. It should also be emphasized that tomacula are formed by excessive myelin folding, which is loosely or not compacted. Poor myelin compaction could impair the insulation of myelin. Moreover, these decompacted tomacula typically extend beyond paranodal region, and often reach the juxtaparanode or even internode [178] . The additive effect of these changes could profoundly decrease the insulation of myelin. Nevertheless, exactly how the tomacula and/or axonal constrictions affect the security of action potential propagation remains to be clarified.
Finally, axonal degeneration develops in the late stage of HNPP. Mechanisms responsible for the axonal loss are also unknown. CMT1E CMT1E represents a rare subtype of CMT1 (1-5 % of all CMT1 cases) that is caused by point mutations in the PMP22 gene [184] ). A variety of PMP22 point mutations have been documented in humans (Table 3 and Fig. 1b) with clinical manifestations ranging from mild mechanical pressure sensitive neuropathy (reminiscent of HNPP) to severe dysmyelinating neuropathy (reminiscent of Dejerine-Sottas syndrome) [185] . However, mutations of PMP22 that result in a typical HNPP phenotype should not been included in the group of CMT1E (Table 3) . Additionally, unique point mutations of PMP22 can also result in mild to severe axonal CMT1E [186] . In the past, diseases with some point mutations of PMP22, including the Trembler-J mutation, have been classified as CMT1A in the literature [187] [188] [189] . However, recent advances have demonstrated that CMT1A with over-expressed PMP22 of wild-type is distinct from those with PMP22 point mutations at either molecular or pathological level. For instance, sural biopsies from many patients with CMT1A showed no protein aggregates while aggregates were readily detectable in patients with Trembler or Trembler-J mutations [155] . Furthermore, experiments using microarray have shown distinct mechanisms between toxic gain-of-function point mutation mice (Trembler or Trembler-J) and mice with PMP22 overexpression. The former shows transcriptional changes in stress response, and the latter demonstrates alterations in Schwann cell proliferation [156, 157] . Therefore, it is reasonable to classify these point mutations of PMP22 as CMT1E and keep its distinction from CMT1A with duplication of PMP22.
With such genetic and phenotypic variety, the evaluation of CMT1E pathogenesis has become an intriguing topic that has revealed important mechanisms of PMP22 function. Utilizing two animal models of CMT1E, the Trembler and Trembler-J mice, recent research has been able to shed light on the heterogeneity of CMT1E clinical phenotypes and the degradation mechanism of PMP22.
Clinical Phenotype and Genetics
Patients with PMP22 missense mutations present with clinical phenotypes often indistinguishable from those in patients with other subtypes of CMT1, ranging from a mild HNPP-like neuropathy to a severe early-onset dysmyelinating neuropathy like Dejerine-Sottas disease [112, 128, 164, 185] . Such phenotypic heterogeneity may be due to the broad variety of PMP22 point mutations in CMT1E patients that could cause either a toxic gain-of-function (as seen in the Trembler-J mouse), a loss of PMP22 function, or a combination of both. To illustrate this point, CMT1E patients can possess point mutations affecting the same amino acid residue of PMP22, yet present with distinct clinical manifestations. This can be observed in two patients with PMP22 point mutation, one of whom was documented with an Ala67Thr substitution and an HNPP phenotype, while the other was documented with an Ala67Pro substitution and a more severe CMT1 phenotype accompanied by deafness [190, 191] . Conversely, CMT1E patients may possess mutations affecting the same PMP22 amino acid residue and display similar phenotypes, as is observed in two CMT1E patients (possessing either the Gly100Arg or Gly100Glu amino acid substitution) who had been documented with a Dejerine-Sottas like neuropathy [192, 193] . The known mutations of PMP22 include 44 single base substitutions, 14 deletions, two insertions, 1 reciprocal translocation, several splice-site mutations, and several single base substitutions in non-coding exon1A and the 3′ UTR. With only a few exceptions, almost all PMP22 missense mutations display autosomal dominant inheritance. The majority of these mutations are associated with either mild HNPP or severe CMT1 clinical presentations [185] . Given the phenotypic variability, the definitive diagnosis of CMT1E must be accomplished primarily by genetic testing of the PMP22 gene.
Clinically, patients with CMT1E may present with symptoms of impaired motor development, distal muscle weakness, foot deformities, and a loss of deep tendon reflex. Sensory deficits, such as diminished response to pinprick and vibration, have also been observed.
Finally, a small subset of CMT1E patients have presented with clinical symptoms indicative of an axonal neuropathy. For instance, a patient heterozygous for the PMP22 missense mutation (R159C amino acid substitution) was shown to possess a mild axonal neuropathy that manifested later in life around 46-51 years of age. This patient demonstrates symptoms such as symmetric sensory loss in the distal limbs, foot deformities, lower limb paresis, and gait ataxia [186] .
Nerve Electrophysiology/Pathology in CMT1E Patients
The majority of CMT1E mutations result in a de-/dysmyelinating electrophysiological pattern evidenced by reduced nerve conduction velocities and increased distal latencies. Depending on the severity of the CMT1E phenotype, motor neuron conduction velocities can be reduced to less than 10 m/s. Pathologically, CMT1E mutations also produce a variety of morphological phenotypes. CMT1E mutations causing severe and early onset phenotype may show profound myelinated nerve fiber loss and abundant onion bulbs [155] . This is comparable to that in CMT1A nerves. In contrast, sural nerves of patients with PMP22 frameshift mutation and HNPP clinical presentation show a mildly increased loss of large diameter myelinated fibers, formation of onion bulbs, and tomacula [194] . In a group of Italian patients with a missense mutation of PMP22 and a mild HNPP phenotype, reductions in myelin thickness and large diameter myelinated fiber abundance were observed, but there was no noticeable appearance of onion bulb formation [195] . Additionally, in the rare cases of axonal CMT1E, patients may have no signs of de/dysmyelination but axonal loss [186] .
Pathogenesis of CMT1E
Much of the current understanding of CMT1E pathogenesis has been derived from the study of the Trembler and Trembler-J mice. These mouse models were shown to possess point mutations in the pmp22 gene while displaying pathological 
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a In this publication, the mutation is numbered 202 based on cDNA sequence, using conventional numbering starting at the codon for the first amino acid making this mutation (c. 89 G>A) phenotypes resembling those of CMT1E patients [196] [197] [198] . Trembler mice possess a glycine to aspartic acid substitution (G150D), while Trembler-J mice possess a leucine to proline substitution (L16P). Subsequent studies discovered CMT1E patients with PMP22 amino acid substitutions identical to those of the Trembler and Trembler-J mice [199, 200] . There are other mouse models with several different point mutations, including H12R, S72T and Y153TER [97, 201] . Although these animal models share the same mutations as only a handful of CMT1E patients, their studies have revealed critical findings regarding the potential nature of PMP22 dysfunction relevant to the majority of CMT1E patients and even patients with point mutations in genes encoding other myelin proteins. [77, 79] , but do not cause significant ER stress [81] . Surprisingly, degrees of aggregation are not correlated with severities of neuropathies among different types of CMT1E [77] , suggesting that other factors, in addition to protein aggregation, are also involved in the pathogenic mechanisms.
Thus, alternative mechanisms have been explored. Studies have shown an increase of proteasomes and autolysosomes in Tr or TrJ Schwann cells in vitro or in vivo [29, 151, 152, 202] , but proteasome activities are usually inhibited in the mutant Schwann cells [153] . By upregulating autophagy through starvation or drugs like Rapamycin, aggregates have been largely reduced, which partially rescued phenotype in the mutant mice [151, 154, 203] .
In addition, several physiomechanical changes in TrJ sciatic nerves and Schwann cells have recently been documented. Type IV collagen was found to accumulate with PMP22 protein in the perinuclear region of TrJ Schwann cells. Fixed nerve fibers from TrJ mice were softer and smoother than wild-type fibers by using atomic force microscopy [204] . The disruption of F-actin cytoskeletal organization in TrJ nerve fibers has also been documented [205] , which has led to the idea that PMP22 point mutations could potentially affect protein secretory pathways of extracellular matrix components [204] .
A recent characterization of the structure, stability, and folding dynamics of wild-type and TrJ PMP22 has shed new light on the consequences of PMP22 point mutations. Wildtype PMP22 consists of four transmembrane helices (TM1-TM4), with TM2-TM4 existing as a molten globular helical bundle. For proper folding of PMP22 to occur, it has been suggested that TM1 must become stably associated with the TM2-TM4 bundle [41] . Additionally, it is known that wildtype PMP22 has a very low folding efficiency in vivo (20 %) which leads to the majority of newly synthesized PMP22 being targeted for degradation in the ERAD pathway [34, 41, 82] . Evaluation of the TrJ PMP22 protein structure reveals that the L16P mutation creates a hinge-like area within TM1 that allows for the wagging motion of the TM1 helix flanking the mutation site. This causes serious alterations to the interface between TM1 and the TM2-TM4 bundle, such that the folding efficiency of TrJ PMP22 is lowered to near negligible levels [41] . Furthermore, calnexin, a protein which recognizes and sequesters both misfolded wild-type and TrJ forms of PMP22 in the ER, forms a stronger and longer lived complex with TrJ PMP22 than with wild-type PMP22 [26] . The TM1 helix is known to directly interact with calnexin [206] , leading Sakakura et al. to propose that the inability of TrJ PMP22 to properly fold results in increased sequestration by calnexin due to TM1 availability. Subsequently, the enhanced affinity between calnexin and TrJ PMP22 may increase the delivery of TrJ PMP22 to aggresomes, overloading the ERAD pathway [41] .
The toxic gain-of-function would not explain the HNPP phenotype in a portion of patients with CMT1E mutations. Of 23 HNPP-causing mutations, 18 of them result in partial or near complete truncation of PMP22 (Table 3) . Thus, they would be functionally equivalent to classical chromosome 17p11.2 deletion with loss of function of PMP22. However, the remaining five mutations are point mutations. Two of the five (V30M and T118M) have been studied in transfected cells and showed no or minimal impairment of PMP22 trafficking to cytoplasmic membrane [26, 79, 207] . Thus, these mutations do not likely cause HNPP by dominantnegative effect of wild-type PMP22. These mutations are distributed either in extracellular domains or transmembrane domains, suggesting that HNPP phenotype is also not associated with a specific domain of the PMP22. Thus, how these point mutations result in the loss of function phenotype remains to be determined in the future.
Animal Models for PMP22-Related Diseases
To explore molecular mechanisms in CMT1A and HNPP, PMP22 expression levels have been manipulated in transgenic and knockout mouse models. Pmp22 with copy numbers ranging from 3 to 16 have been randomly inserted into rodent genome. This has resulted in several mouse models and one rat model with overexpression of PMP22 [100, 126, 127, 208, 209] . Rats with PMP22 overexpression from three transgenic human PMP22 copies displayed pathological features similar to that in its human counterparts, as evidenced by peripheral hypomyelination, axonal loss, Schwann cell proliferation, gait abnormalities and slowed conduction velocities. Although onion bulbs were observed, they were not as prominent as one would see in CMT1A sural nerve biopsies [93, 126, 155] . Overall, this has been considered to be a reasonable model of CMT1A.
Thus far, there have been several pmp22 overexpressing mouse models that have been made [100, 126, 127, 208, 209] . They usually carry a very high copy number of pmp22 while a lower copy number may not produce significant phenotype [127] . For example, TgN248 mice have 16 copies [100] and C22 mice have seven copies [209] . While the high copy number of pmp22 produces severe peripheral neuropathies, they are pathologically different from those in patients with CMT1A (trisomy of PMP22). Sciatic nerves in these mice show minimal myelin or are amyelinated (no myelin). Conduction velocities are severely slowed and appear similar to that in DSS [93, 100, 126, 127, 208, 209] . Thus, it is difficult to determine whether these mice are a faithful representation of human CMT1A. Recently, a mouse model with three to four copies of pmp22 has been reported. It also shows pathological changes that may better resemble human CMT1A nerves [211] . This could prove to be a good mouse model of CMT1A in the future. In addition, using the mouse model, pmp22 overexpression has been controlled temporally. It has been shown that the de-/ dysmyelination is reversible in adult animals, when the overexpression of pmp22 is switched off [210] . This finding has therapeutic implication. It suggests that an effective therapy may still be beneficial even after the dysmyelination develops in CMT1A.
As aforementioned, mouse models with point mutations either taking place spontaneously or by chemical mutagenesis have been available. The most commonly used models in this category are Trembler (G150D) and Trembler-J (L16P) [92, 124, 137, 197, 198, 211] . In addition, there are several other mouse models, including Trembler-Ncnp (exon IV deletion), H12R, S72T, and Y153TER [97, 201] .
While these animal models with point mutations of pmp22 have been valuable resources to characterize the toxic gain-of-function of pmp22 mutations, they should not be considered as the animal models of CMT1A. It is clear that point mutations of PMP22 in either humans or mice may result in severe de-/dysmyelinating neuropathies [135, 212] . However, experiments have suggested distinct pathogenic mechanisms between point mutation mice (Trembler) and rodents with pmp22 overexpression [156, 157] . Thus, caution should be taken when selecting an appropriate animal model pertinent to the scientific question to be addressed.
Therapeutic Development in PMP22 Related Diseases
In an in vitro study, high levels of ascorbic acid has been shown to repress PMP22 expression by affecting intracellular cAMP level through adenylate cyclase [213] . Conversely, adding vitamin A or E counteracts the effect of ascorbic acid in inhibiting PMP22 expression [214] . In addition, addition of ascorbic acid to the medium in neuron-Schwann cell coculture promotes myelination [215, 216] . These findings have led a therapeutic development for CMT1A. Application of vitamin C to decrease PMP22 has successfully improved the pathological changes and clinical deficits in animal models with PMP22 overexpression [48, 217] .
These experimental successes have resulted in large clinical trials of ascorbic acid therapies conducted in Europe and USA. Although the results from the USA clinical trial are still pending, the findings of the clinical trial in Europe have raised significant questions regarding the efficacy of ascorbic acid therapy. The clinical trial in Europe enrolled 277 CMT1A patients who were randomized into either an ascorbic acid arm (138 patients) or a placebo arm (133 patients) [218] . Treatment (1.5 g/day) was well tolerated since 89 % in each group completed the study. For the primary outcome measure, CMT neuropathy score was used, and there were no significant differences found between the two groups at 24 months of treatment. While these results appear negative, several important lessons can be gleaned from the study. First, the overall disease progression of patients with CMT1A is slow. For example, there was an increase of only 0.2±0.7 CMT neuropathy score points over 24 months in the placebo group. This finding indicates that the primary outcome measurement (neuropathy score) is relatively insensitive for patients with CMT1A and should be optimized. Second, a detailed analysis of ascorbic acid pharmacokinetics after large doses, including its absorption rate, is still lacking in human subjects. Third, it is unclear how well ascorbic acid is delivered to its molecular targets in myelinating Schwann cells. Finally, it also raises questions whether the absolute levels of PMP22 are really pathogenic since levels of PMP22 are not well correlated with disabilities of CMT1A [219] .
The negative trials demand an alternative approach for treating CMT1A. With the advent of large-scale drug screening facilities, additional therapeutic candidates are expected to emerge for future clinical trials. This approach usually requires the development of cell lines expressing a PMP22 reporter, such as a fluorescence protein. Large libraries of candidate compounds (several thousands) are then placed in a robotic system which rapidly screens for drugs that can suppress the level of PMP22 in the cell lines. Since increases in PMP22 levels are thought to cause CMT1A, newly identified PMP22 suppressing drugs can be selected for future clinical studies.
The peripheral nervous system possesses classical progesterone/androgen receptors as well as non-classical GABAa steroid receptors. Neuroactive steroids such as progesterone, dihydroprogesterone, tetrahydroprogesterone, dihydrotestosterone and 3alpha-diol can activate these receptors. Among them, progesterone is a known regulator of myelin gene expression and its administration to Schwann cells increases PMP22 expression [49, 220] . Administration of the progesterone receptor antagonist onapriston in early postnatal CMT1A rats has successfully ameliorated the neuropathy phenotype [217, 221, 222] , including reduced axonal loss, improved muscle strength, muscle mass, and better performance in a variety of motor function testing. However, anti-progesterone therapy failed to improve myelin sheath thickness [222] . Taken together, studies in progesterone antagonists could also yield an alternative treatment for CMT1A.
As discussed above, CMT1E with toxic gain-of-function mutations of PMP22 exhibit pathological changes and mechanisms distinct from that in CMT1A with overexpression of wild-type PMP22. Thus, therapy development would have to take a different approach. Curcumin is a polyphenol and an active component of turmeric (Curcuma longa), a dietary spice in Indian cuisine. It has antioxidant, anti-inflammatory and anti-cancer properties. Interestingly, Egan et al. have shown that curcumin may rescue misfolded proteins in both cell cultures and a cystic fibrosis mouse model by presumably interfering with the function of ER calcium-dependent chaperones [223] . This has prompted investigators to examine its effect in CMT1E, such as TrJ mice. Oral administration of curcumin partially mitigates the neuropathy phenotype in the TrJ mice in a dose-dependent manner, including a decrease of the percentage of apoptotic Schwann cells, increased number and size of myelinated axons in sciatic nerves, and improved motor performance [224] . This result also supports the importance of misfolded proteins in the pathogenesis of CMT1E.
Summary
Since its discovery, PMP22 has demonstrated its importance in the peripheral nervous system through its abundant expression specifically in the peripheral myelin and being the culprit gene for the highest prevalence inherited neuropathies, including CMT1A, HNPP and CMT1E. Normal physiological functions are likely best learnt in diseases or animal models where PMP22 gene is deficient. In these systems, PMP22 appears involved in myelin integrity, thereby affecting security of action potential propagation. In contrast, overexpressed PMP22 likely affects peripheral nerves by gain-of-function. Its pathogenic mechanism also appears distinct from that in neuropathies with PMP22 point mutations. In the following section, we propose hypothetical pathogenic mechanisms that are illustrated in Fig. 3 . These mechanisms are likely incomplete, but would provide a platform for the future exploration.
Trisomy of PMP22 results in highly variable levels of PMP22 proteins [219] . This variable overexpression has dys-regulated expression of a variety of proteins in myelin. Two pathways appear highly relevant to the dysmyelination Fig. 3 Hypothetical mechanisms in CMT1A, HNPP and CMT1E in CMT1A. Enzymes that catalyze the production of cholesterol are severely suppressed [156] . Deficiency of cholesterol synthesis during development of peripheral nerves is known to impair myelination, including reduced myelin thickness and shortened internodes [159, 225] . These changes would explain the slowed conduction velocity in CMT1A. Trisomy of PMP22 also appears to up-regulate the expression of P2X7, a purinergic receptor, which would increase the calcium levels in Schwann cells [158] . High calcium level is known to induce segmental demyelination [226, 227] . However, this mechanism likely operates after myelin developed since high calcium levels are normally present in immature developing Schwann cells. In addition, dysregulation of proteins at the interface between axons and Schwann cells has been observed recently [162] . Disruption of Schwann-glia interaction may lead to axonal degeneration [228] .
In contrast, haploinsufficiency of PMP22 results in formation of tomacula by unknown mechanisms. The tomacula decompacts myelin beyond paranodal regions and expand into juxtaparanode or internode [178] . We hypothesize that the decompaction would reduce myelin electrical resistance (insulation), leading to excessive leakage of current. Along with constricted axons in the tomacula, these abnormalities would put PMP22+/− nerves at the risk of failure of action potential propagation. This failure would be readily precipitated by mechanical stress in patients with HNPP.
Unlike wild-type PMP22 proteins in CMT1A and HNPP, mutations in CMT1E, such as TrJ, produce mutant proteins, which form aggregates in Schwann cells. These mutant proteins are prone to be misfolded in the ER [41], leading to ER stress, up-regulation of ERAD or perhaps autophagic activities secondarily [29, 152, 202] . Like nerves in CMT1A, shortened internodes are observed in TrJ mutations [77, 229] . Unlike CMT1A, segmental demyelination in TrJ nerves is far more prominent [189] . However, it is still unknown how the dysregulated protein degradation leads to segmental demyelination. 
